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Introduction

The alphaviruses are a widespread group of human pathogens that are
present virtually everywhere in the world (Griffin, 1986; Monath, 1988 #1774,
Peters, 1990 #1551). They are mosquito-borne viruses and have the capacity to
replicate in the mosquito vector as well as in human host or in various species of
nirds and mammals. Old World alphaviruses are, in general, capable of causing
fever, rash and arthralgia in man that may be very painful and disabling for
extended periods of time. In the case of the Ockelbo strain of Sindbis virus and of
Ross River virus, thic arthralgia manifests as a polyarthritis that may in some
cases last for months or years. Many of the New World alphaviruses can cause
fatal encephalitis in man. Our program attempts to understand the molecular
basis of alphaviruses immunogenicity and determine the relationships of
alphaviruses and strains of alphaviruses to one another.

In our last report we reported the localization of a site in alphavirus
glycoprotein E2 that binds neutralizing antibodies. The knowledge of
immunogenic domains is important in developing vaccines. Neutralizing
antibodies are thought to be particularly important in protecting a vaccinee from
viral infection. We developed a novel approach in which Agtll expression
libraries were constructed that expressed parts of the Sindbis genome, and these
were screened with neutralizing monoclonal antibodies. Many neutralizing
antibodies react with discontinuous epitopes and thus will not recact with a
chimeric protein expressed in a Agtll library. However, we did succeed in
identifying one antibody which bound to specific clones within the Agtl1 library
(Wang and Strauss, 1991). Thus we were able to demonstrate directly that this
neutralizing monoclonal antibody bound to glycoprotein E2 of Sindbis virus
between residues 173 and 220. This approach confirmed and extended results in

which variants of the virus selected to be resistant to neutralizing monoclonal
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antibodies were sequenced in order to identify the regions within the glycoproteins
of the virus with which the antibodies react (Strauss et al., 1991). We thus
identified the domain between residues 170 and 220 of glycoprotein E2 of
alphaviruses as being particularly important for the antibody response of a host.
We have also reported on the sequence analysis of a number of strains of
Sindbis virus or of viruses related to Sindbis virus, in order to understand the
relationships of these viruses to one another. We found that a strain of Sindbis
virus from Northern Europe that causes Ockelbo disease in Sweden, Pogosta
disease in Finland, or Karelian fever in Russia, a disease characterized by a
polyarthritis whose symptoms can persist for months or years, are very closely
related to pathogenic strains of Sindbis virus isolated from South Africa. We
concluded that a South African strain of Sindbis was introduced into Northern
Europe, probably in the 1960s, where it continues to cause epidemics of a
significant human disease (Shirako et al., 1991). We have also reported on
sequences of a number of other Sindbis-like viruses in order to determine the
relationships of these viruses to one another. In this report, we present sequence
data for a Sindbis-like virus isolated from New Zealand, Whataroa virus, and a
virus from South America, Aura virus, which has been isolated from Brazil and
from Argentina. We have been particularly interested in Aura virus because it
might represent the parent of an emergent virus, Western equine encephalitis

virus.

Methods Used
Virus Strains. Whataroa virus and Aura virus were obtained from Dr. J.
M. Dalrymple of USAMRIID. Viruses were grown and purified as previously
described (Shirako et al., 1991).
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¢DNA Clones. c¢DNA clones were made in one of two ways. The first
method used standard procedures in which first strand ¢cDNA was made using
oligo(dT) as primer and second strand synthesis was by the method of Gubler and
Hoffman (Sambrook et al., 1989); Gubler, 1983 #1546. These cloning methods, as
well as the methods of DNA sequencing and RNA sequencing, have been
described in numerous publications from our laboratory over the years (Hahn et
al., 1985; Rice et al., 1985; Rice and Strauss, 1981; Shirako et al., 1991; Strauss et
al., 1984).

In a second approach, we developed methods suitable for high throughput
automated DNA sequencing, in order to speed up the acquisition of sequence data.
Whataroa virus was chosen as a test virus. First strand ¢cDNA synthesis used
random priming and second strand ¢DNA was synthesized by the method of
Gubler and Hoffman (Gubler and Hoffman, 1983). After blunt ending the double-
stranded cDNA, the internal EcoRI sites were methylated and the DNA was
electrophoresed in an agarose gel. EcoRI linkers were attached to the 2-4 kb
fraction and the DNA cloned in the EcoRI site of a suitable vector. One hundred
clones that resulted from this cloning were characterized by restriction analysis
and many of them were sequenced using an Applied Biosystems automated DNA

sequencer.

Sequence Analysis of Whataroa Virus.
In our report of April 24th of this year, we reported the sequence of nsP3
and of nsP4 of Whataroa virus. Most of the sequence of Whataroa virus RNA, 11.7
kb, has now been obtained. This sequence is being assembled to give the complete
sequence of this virus RNA. The sequences of two stretches of the nonstructural
protein coding region of the genome are shown in Figs. 1 and 2 as an example of

this assembly process. Fig. 1 shows the sequence of about 1000 nucleotides
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1 AAA CAG CCG ACC AAT TGC ACT ACC ATC ACT ATG GAG AAG CCC GTT GTC AAC GTA GAC
met glu lys pro val val asn val asp

61/11 GAC CCT CAA AGT CCG TTC GTT GCA CAA CTG CAG AAG AGC TTC CCT CAA TTT GAG GTA
asp pro gln ser pro phe val ala gln leu gln lys ser phe pro gln phe glu val

121/31 GCC CAG CAG GCC ACG CCA AAT GAC CAT GCT AAT GCC AGA GCC TTT TCG CAT CTG GCT
ala gln gln ala thr pro asn asp his ala asn ala arg ala phe ser his leu ala

181/51 AAA CTG ATC GAG CTG GAG GTG CCT ACC ACA GCG ACG ATC TTG GAC ATC GGC AGC GCA
lys leu ile glu leu glu val pro thr thr ala thr ile leu asp ile gly ser ala

241/71 GCT CGT AGA ATG TTT TCC GAG CAC CAA TAC CAT TGC GTC TGC CCC ATG CGT AGT CCC
ala arg arg met phe ser glu his gln tyr his cys val cys pro met arg ser pro

301/91 GAC CCG GAC CGC ATG ATG AAA TAC GCC GCC AAA CTG GCA GAA AAAR GCA GGA TCT TTA
asp pro asp arg met met lys tyr ala ala lys leu ala glu lys ala gly ser leu

361/111 AAC AAA AAG TTG TAC GAA AAG ATC CGC GAC TTA AGA ACC GTT CTG GAC ACT CCA GAC
asn lys lys leu tyr glu lys ile arg asp leu arg thr val leu asp thr pro asp

421/131 GAA ACA CCA TCC ATA TGC TTC CAT AAC GAC GTA ACC TGC GCT ACA CGA GCA GAA GTA
glu thr pro ser ile cys phe his asn asp val thr cys ala thr arg ala glu val

481/151 GTA ATG CAA GAC GTG TAC ATC AAT GCA CCT GCC ACC ATC TAC CAT CAG GCA ATG AAA
val met gln asp val tyr ile asn ala pro ala thr ile tyr his gln ala met lys

541/171 GTT CGC ACG CTC TAT TGG ATT GGG TTC GAC ACC ACT CAA TTC ATG TTC TCG GCC ATG
val arg thr leu tyr trp ile gly phe asp thr thr gln phe met phe ser ala met

601/191 GGG TCC TAC CCC GCT TAC AAC ACC AAT TGG GCA GAC GAG AAA GTA CTC GAA GCC AGA
gly ser tyr pro ala tyr asn thr asn trp ala asp glu lys val leu glu ala arg

661/211 ATT GGA CTA TGC AGC ACA AAG TTA AGC GAG GGG AGG TTG GGG AAA CTT TCG ATC ATG
ile gly leu cys ser thr lys leu ser glu gly arg leu gly lys leu ser ile met

721/231 AAG AAG TCA TTG AAG CCT GGG ACC CAG GTT TAT TTT TCA GTT GGT TCG ACG TTG TAC
lys lys ser leu lys pro gly thr gln val tyr phe ser val gly ser thr leu tyr

781/251 GAA AAC CGC GCC AAC TTG CAA AGT TGG CAT TTG CCA TCT GTT TTT CAT CTG AAA GGC
glu asn arg ala asn leu gln ser trp his leu pro ser val phe his leu lys gly

841/271 CAA CCA TAC ACC TGC ‘CGC TGT GAT ACA GTG GTA AGC TGT GAA GGC TAC GTA GTC AAG
gln pro tyr thr cys arg cys asp thr val val ser cys glu gly tyr val val lys

901/291 GTG ACT ATC AGT CCC GGG ATA ACC GGA GAA ACC GTG GGA TAC GCG GTG ACT AAC AAC
val thr ile ser pro gly ile thr gly glu thr val gly tyr ala val thr asn asn

961/311 GAG GGA TTC TTG CTG TGC AAA GTC ACA GAC ACA GTA AAA GGG GAA CGG GTC TCG TTT
glu gly phe leu leu cys lys val thr asp thr val lys gly glu arg val ser phe

1021/331 GTA TGT ACT TAC ATA CCA GCT ACT ATC TGT GAC CAA ATG ACT GGG ATC ATG
val cys thr tyr ile pro ala thr ile cys asp gln met thr gly ile met

Figure 1.Translated nucleotide sequence from the 5'terminal region of the genomic
RNA of Whataroa virus, using the single letter amino acid code. The open reading
frame begins with the ATG codon (nt 31-33). The exact 5’ terminus of the RNA has
not been determined.
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Figure 2 See legend on next page.
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Figure 2 continued. Translated nucleotide sequence of Whataroa virus in the
region encoding nonstructural protein nsP2. By homology with Sindbis virus,
the sequence shown begins at amino acid 97 of nsP2 and continues to the

nsP2/nsP3 cleavage site.
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beginning in the 5' nontranslated region just upstream of the start codon of the
long open reading frame translated from the viral genomic RNA. The second
sequence of about 2000 nucloeotides begins near the beginning of the nsP2 gene
and continues through to the end of the nsP2 region of the virus genome. As
stated, the remainder of the sequence has been obtained and is being assembled.
Whataroa virus can clearly be ~onsidered to be a strain of Sindbis virus that
has spread to New Zealand. The amino acid sequence deduced from the
nucleotide sequence in Fig. 2 is compared to that of the AR339 strain of Sindbis
virus, isolated from Egypt in 1952, in Fig. 3. These amino acid sequences are 84%
identical. Furthermore, we have previously shown that strains of Sindbis virus
contain a 3' nontranslated regions that is different from all other alphaviruses. It
contains three copies of a sequence that is conserved among Sindbis viruses that
are spaced by sequences that are poorly conseved (Shirako et al., 1991). From our
sequence data, we found that this characteristic 3' nontranslated region is

present in Whataroa virus.

Sequence of Aura Virus.

The sequence of essentially all of the Aura virus genome has also been
obtained and is being assembled. As an example of this assembly process, the
sequence of about 5000 nucleotides of Aura RNA in the nonstructural protein
coding region is shown in Fig. 4. This sequence begins in the 5' nontranslated
region and continues through nsP1, nsP2, and part of nsP3. Aura virus is closely
related to Sindbis virus. The amino acid sequences of Sindbis virus and of Aura
virus are compared in Fig. 5 for the region represented by the Aura sequence in
Fig. 4. The two sequences are 80% identical, illustrating that Aura is in fact a
Sindbis-like virus. We also found that the 3' nontranslated region of Aura RNA is

Sindbis-like. Thus Aura virus represents the first known example of a true
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TGC
cys

ATT
ile
CaG
gln

GAA
glu

ATG
met

TCT
ser

TCT
ser

TGC
cys

CcGG
arg

AAA
lys

ATG
met

ACA

CCG
pro

TTC
phe

GCT
ala

TTG
leu

TGC
cys

GAC
asp

GTC
val

CcGT
arg

TAC
tyr

7T
phe

AGG
arg

GGC
gly

GTC
val

GTG
val

GAA
glu

TAC
tyr

GGG
gly

ACA
thr

GAA

ACA
thr

cca
pro

TTT
phe

GAC
asp

CcCC
pro

AAA
lys

CTC
leu

ACG
thr

CAT
his
ATG
met

GTG
val

JAA
lys

GGT
gly

TTC
phe

GGA
gly

ACT
thr

GAG
glu

GGT
gly
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TTA

GTG
val

CAA
gln

TCG
serxr

ATA
ile
ATG
met

GCA
ala

GAG
glu

ACA
thr

CAG
gln

TTC
phe

TG
leu

CTG
leu

TCG
ser

CAC
his
TAC
tyr

GTG
val

CGT
arg

ATA
ile

ACT

CAC
his
TTC
phe
CAT
his
GGA
gly

CGT
arg

GGG
gly

TCG
ser

GCG
ala

GCC
ala

TCC
ser

GAA
glu

TCT
ser

ACA
thr

TTG
leu

GTA
val

ACT
thr

GTA
val

TTG
leu

GCC

GTT
val

GAG
glu

CTG
leun

AGC
ser

AGT
ser

GAA
glu

CCG
pro

GAG
glu

CTA
leu

TCG
ser

GCG
ala

ACC
thr

CTC
leu

AAA
lys

GTC
val

AAC
asn

TCG
ser

GCC
ala

GTG

GAC
asp

ATT
ile
GCT
ala

GCA
ala

CCT
pro

ATT
ile
GAT
asp

GTA
val

AAG
lys

ATG
met

CGT
arg

TTC
phe

TAC
tyr

GGT
gly

AAG
lys

ARC
asn

TTC
phe

ACT
thr

TGC

GTA
val

GTG
val

AGT
ser

CCa
pro

GAA
glu

ACC
thr

GCT
ala

TCA
ser

GCGA
gly

GCA
ala

AAT
asn

CGG
arg

CCT
pro

AAA
lys

AAG
lys

AGC
3er

cCcT
pro

GAT
asp

cGC

GAC
asp

GCT
ala

lys

GCT
ala

GAC
asp

AAC
asn

GAA
glu

GTT
val

GTC
val

GGG
gly

ATA
ile
ARA
lys

GAG
glu

CAA
glin

ATC
ile
GAG
glu

GTIC
val

ATC
ile

on last page of this sequence

CCG

ccc
pro

CAG
gln

CTG
leu

CGT
arg

CCG
pro

AAG
lys

ACT
thr

ATG
met

AGA
arg

TCG
ser

GGC
gly

AAG
lys

AAT
asn

TCC
ser

ACC
thr

GGA
gly

TGT
cys

CaA
gln

CTA

CAA
gln

CAG
gln

ATC
ile

AGA
arg

GAC
asp

AGG
arg

gly

Can
glin

lys

TAT
tyr

CcTA
leu

GCC
ala

AGA
arg

TTT
phe

ATC
ile
TTC
phe

ACG
thr

CCcC
pro

AAC

AGT
ser

GTC
val

GAA
glu

ATG
met

CGT
arg

CTG
leu

ACC
thr

asn

CTG
leu

CCG
pro

TGT
cys

TTG
leu

GCG
ala

ACG
thr

AGC
ser

TyG
leu

TAT
tyrx

GAA
glu

TAG

CCG
pro

ACT
thr

CAT
his
TAT
tyr

CTT
leu

CAT
his
ATT
ile
GTG
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TAT
tyr

TCC
ser

AGC
ser

AAA
lys

GAC
asp

TGC
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CCC
pio
CTG
leu
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GAC
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TTT
phe
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GAG
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ATG
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TGT
cys

TAT
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TGG
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TAC
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=C
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GGG
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TGT
cys
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AAT
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GAG
glu
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TTC
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ATC
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ATC
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AAG
lys

GGA
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gln

TGT
cys

ATC
ile
AAG
lys

CCT
pro

CAA
gln

TCA

CTA
leu

GAC
asp

CCC
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CAT
his

TAC
tyr

CTT
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CaC
his
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GGG
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ACT
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CTG
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ACT
thr

AGT
sSer

GAT
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ACG
thr

ATC
ile
TCA
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AAG
lys
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TTG
leu

ACG
thr

AGA
arg

GGT
gly

CAG
gln

ACG
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lys

GCC
ala

GCA
ala

GCG
ala

CGT
arg

CCAa
pro

TAT
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CAA
gln
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TAC
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AAA
lys

CCT
pro

CTG
leu

ATG
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AAG
lys

TGC
cys

ACT
thr

TCA
ser

CCG
pro

GTC
val

CCC
pro

GCC
ala

ATT
ile
ATC
ile
TCC
ser
CAT
his
CGG
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AAA
lys

TGC
cys

TAC
tyr

GTA
val

CAG
gln

GCA
ala

CTA
leu

ATA
ile
CTG
leu

GTA
val

GAG
glu

CCT
pro

CTG
leu

GGT
gly

CAC
his
GTC
val

TTC
phe

AAA
lys

GTA
val

GTA
val

CAC
his

GGA
gly

AAC
asn

GAC
asp

TGG
trp

GTA
val

CCA
pro

GTC
val

ACA
thr

GTA
val

GTC
val

TCC
ser

GAG
glu

GAA
glu

GCG
ala

cTC
leu

TGC
cys

AAA
lys

GAG
glu

Figure 4b. See legend

CTG
leu

TAT
tyr

TGC
cys

GCT
ala

lys

ATG
met

ACT
thr

GCA
ala

GCG
ala

GAG
glu

TAC
tyr

TTA
leu

CCT
pro

GCC
ala

CAT
his
AARA
lys

AGA
arg

CTG
leu

AAC
asn

crC
leu

AGT
ser

TTC
phe

GTC
val

TCA
ser

ATT
ile
GAA
glu

GAG
glu

ACG
thr

ACA
thr

GCA
ala

TAC
tyr

TG
leu
CAC
his
GCT
ala

GAG
glu

GCA
ala

caa
gln

CTG
leu

GAC
asp

AAG
lys

GCA
ala

CTG
leu

ACT
thr

GCG
ala

GAC
asp

ccc
pro

GTC
val

GAG
glu

GAT
asp

AGC
ser

ATC
ile
AAA
lys
CAT
his

TAC
tyr
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CGC
arg

cce
pro

GAG
glu

ACC
thr

GCG
ala

AGA
arg

GAC
asp

GAG
glu

GTC
val

CGG
arg

ATT
ile
CAG
gln

GCT
ala

GAA
glu

GCT
ala

GAC
asp
GCA
ala

GAA
glu

on last page

ATA
ile

GCG
ala

lys

AAG
lya

GARA
glu

CAG
gln

ACT
thr

GAG
glu

lys

GGA
gly
TCT
ser

GTG
val

AAG
lys

AGC
ser

ACG
thr

ACG
thr

CAA
gln

GGA
gly

GTC
val

GTG
val

CCA
pro

AAG
lys

TTC
phe

lys

GCG
ala

lys

TGC
cys

AAG
lys

cca
pro

lys

GTT
val

GCT
ala

AAG
lys

GAT
asp

GGG
gly

TTA
leu

GTG
val

GCT
ala

TTG
leu

ATC
ile
AGT
ser

GTT
val

GTA
val

GCG
ala

GAG
glu

ATA
ile
GCG
ala
ATT
ile
CTC

leu

ACG
thr

GGT
gly

CAT
his
CTA
leu

CGT
arg

AAC
asn

ACA
thr

AAT
asn

CAT
his
GCG
ala

AAA
lys

AAA
lys

AAG
lys

GTC
val

AAR
lys

GCA
ala

ATC
ile
CTG
leu

TTA
leu

GCG
ala

GAG
glu

GTA
val

ACA
thr

GGA
gly

GGT
gly

GTG
val

TCT
ser

TTC
phe

CTG
leu

AAC
asn

GCC
ala

ACC
thr

ATT
ile
GIC
val

ACG
thr

cca
pro

GTC
val

GCA
ala

TAC
tyr

CTA
leu

CGA
arg

of this sequence

lys

CTG
leu

AGA
arg

TTT
phe

cct
pro

CTT
leu

GCA
ala

TTA
leu

GAC
asp

ATC
ile

CTT
leu

CAC
his

ACA
thr

TAC
tyr
lys

GTA
val

GTT
val

CCC
pro

ACT
thr

AGT
ser

GAA
glu

TAC
tyr

ATG
met

CTT
leu

CAA
gln

CCT
pro

CTG
leu

CCA
pro

AGA
arg

GGT
gly

GGA
gly

AAT
asn

AAC
asn

TAC
tyr

GGG
gly

GCT
ala

AAT
asn

lys

CGC
arg

CGC
arg

TCC
ser

GTA
val

GAG
glu

CCG
pro

GTA
val

CAG
gln

AAT
asn

gly
TGC
cys

GAG
glu

ACT
thr

GaC
asp

GAA
glu

GCC
ala

AGA
arg

TGG
trp

lys

CCG
pro

TCG
ser

AAG
lys

GCA
ala

CTG
leu

GAC
asp

GAA
glu

CAA
gln

CGA
arg

cCC
pro

AGA
arg

GAG
glu

GTA
val

CTA
leu

CCT
pro

AAC
asn

GCC
ala

CTA
leu

CCa
pro

GTG
val

lys

TAT
tyr

ARG
lys

GAT
asp

GGG
Jly

CAA
gln

ACAa
thr

ATG
met

GAG
glu

GAA
glu

GAT
esp

ACT
thr

TAC
tyr

ACC
thr

lys

GCT
ala

gly

TGG
trp

ACC
thr

AAC
asn

CCG
pro

GCG
ala

GAC
asp

CTG
leu

GGC
gly

TCC
ser

TTC
phe

GAA
glu

GCC
ala

AAT
3sn

CAT
his

AAC
asn

GARA
glu

TTC
phe

ACG
thr

ACT
thr

asn

GAA
glu

ACG
thr

GGA
gly

GTG
val

GAG
glu

AGG
arg

TGG
trp

CTG
leu

CAA
gln

AGA
arg

CCG
pro

ATC
ile
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2221/719 GAA ACA CTG GGG GTC ATT GGA ACA CCG GGG TCAR GGT AAG TCG GCC ATC ATA AAA TCT ACG
glu thr leu gly val ile gly thr pro gly ser gly lys ser ala ile ile lys ser thr

2281/739 GTA ACA CTA AAA GAC CTC GTA ACT AGC GGT AAG AAA GAA AAT TGC AAA GAA ATA GAG AAT
val thr leu lys asp leu val thr ser gly lys lys glu asn cys lys glu ile glu asn

2341/759 GAC GTC CAG AAA ATG CGG GGA ATG ACT ATA GCT ACG AGA ACG GTA GAC TCG GTA CTT CTT
asp val gln lys met arg gly met thr ile ala thr arg thr val asp ser val leu leu

2401/779 AAT GGA TGG AAG AAA GCA GTA GAC GTC CTA TAT GTG GAT GAA GCG TTT GCA TGT CAT GCA
asn gly trp lys lys ala val asp val leu tyr val asp glu ala phe ala cys his ala

2461/799 GGC ACC TTA ATG GCA TTG ATT GCC ATT GIC AAA CCG AGA CGT AAA GTA GTA CTG TGC GGC
gly thr leu met ala leu ile ala ile val lys pro arg arg lys val val leu cys gly

2521/819 GAC CCG AAG CAG TGG CCC TTC TTT AAT TTA ATG CAA CTG AAG GTA AAC TTC AAC AAC CCC
asp pro lys gln trp pro phe phe asn leu met gln leu lys val asn phe asn asn pro

2581/839 GAG CGA GAC CTG TGT ACT TCC ACC CAT TAT AAA TAT ATC TCT CGC AGG TGC ACC CAA CCT
glu arg asp leu cys thr ser thr his tyr lys tyr ile ser arg arg cys thr gin pro

2641/859 GTT ACA GCC ATA GTG TCT ACA TTA CAC TAT GAC GGA AAG ATG AGG ACT ACG AAT CCC TGC
val thr ala ile val ser thr leu his tyr asp gly lys met arg thr thr asn pro cys

2701/879 AAA AGG GCT ATC GAA ATA GAC GTA AAC GGA TCG ACT AAG CCC AAG AAA GGA GAC ATA GTG
lys arg ala ile glu ile asp val asn gly ser thr lys pro lys lys gly asp ile val

2761/899 TTG ACG TGT TTC CGT GGG TGG GTT AAG CAG GGG CAA ATC GAT TAC CCC GGA CCC GGA GGT
leu thr cys phe arg gly trp val lys gln gly gln ile asp tyr pro gly pro gly gly

2821/919 CAT GAC CGT GCA GCT TCT CAA GGG CTA ACC AGA AGG GGC GTT TAT GCG GTC AGA CAG AAA
his asp arg ala ala ser gln gly leu thr arg arg gly val tyr ala val arg gln lys

2881/939 GTA AAT GAA AAC CCA CTA TAT GCA GAG AAG TCA GAA CAC GTT AAC GTG TTA CTT ACT AGG
val asn glu asn pro leu tyr ala glu lys ser glu his val asn val leu leu thr arg

2941/959 ACG GAA GAT CGC ATA GTG TGG AAG ACA CTG CAA GGG GAT CCT TGG ATT AAG TAC CTC ACT
thr glu asp arg ile val trp lys thr leu gln gly asp pro trp ile lys tyr leu thr

3001/979 AAC GTT CCA AAA GGG AAC TTT ACA GCC ACT TTA GAA GAA TGG CAG GCG GAA CAC GAG GAC
asn val pro lys gly asn phe thr ala thr leu glu glu trp gln ala glu his glu asp

3061/999 ATT ATG AAG GCC ATT AAT TCT ACA TCC ACA GTA TCT GAC CCT TTC GCC AGC AAA GTG AAT
ile met lys ala ile asn ser thr ser thr val ser asp pro phe ala ser lys val asn

3121/1019 ACA TGC TGG GCT ABA GCT ATT ATA CCC ATC CTA AGA ACG GCA GGG ATA GAA CTT ACA TTC
thr cys trp ala lys ala ile ile pro ile leu arg thr ala gly ile glu leu thr phe

3181/1039 GAG CAG TGG GAA GAT CTA TTC CCG CAA TTT CGT AAT GAC CAA CCT TAC TCC GTG ATG TAT
glu gln trp glu asp leu phe pro gln phe arg asn asp gln pro tyr ser val met tyr

3241/1059 GCC CTA GAT GTG ATA TGT ACC AAG ATG TTC GGC ATG GAT CTG AGC AGT GGG ATC TTC TCT
ala leu asp val ile cys thr lys ret phe gly met asp leu ser ser gly ile phe ser

3301/1079 CGT CCT GAG ATA CCT CTA ACG TTC CAT CCC GCG GAC GTC GGC CGA GTG AGA GCT CAC 7TGG
arg pro glu ile pro leu thr phe his pro ala asp val gly arg val arg ala his trp

Figure 4c. See legend on last page of this sequence
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3421/1119

3481/1139

3541/1159

3601/1179

3661/1199
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3901/1279

3961/1299

4021/1319

4081/1339

4141/1359

4201/1379

4261/1399

4321/1419
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4441/1459

GAT
asp

lys

GTT
val

CTA
leu

CCA
pro

ACA
thr

TTC
phe

CAT
his

CTC
leu

asn

CCa
pro

CGT
arg

TAT
tyr

TGC
cys

TGC
cys

ACC
thr

AGA
arg

AAG
lys

TAT
tyr

ARC
asn

TAC
tyr

TCA
ser

ACT
thr

GGA
gly

TGG
trp

CCA
pro

CAC
his
AAC
asn

AGT
ser

TCG
ser

GAG
glu

AAA
lys

ACA
thr

AGA
arg

GCG
ala

AAG
lys

ATA
ile

GCT
ala

TCC
ser

cCa
pro

GTC
val

GCA
ala

CAC
his
GTC
val

CCA
pro

TAC
tyr

TGC
cys

GAG
glu

TGT
cys

CGC
arg

GAC
asp

GAA
glu

GCT
ala

GTC
val

TAC
tyr

GTG
val

GCC
ala

CCA
pro

GTG
val

CCA
pro

AGC
ser

AGT
ser

GCT
ala

CTG
leu

CAG
gln

CTA
leu

GAC
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ACA
thr

Caa
glin

GGA
gly

GAA
glu

ATC
ile
ATG
met

ACG
thr

AAC
asn

GGA
gly

Figure 4d. See legend

GGA
gly

TAC
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TCC
sex
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lys

GTT
val
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gln
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phe

TCC
ser

GCA
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phe
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lys
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leu

GAG
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GGG
gly
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GCA
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CTG
leu
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AGA
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TGC
cys
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phe
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thr
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GTG
val

1ys

cCa
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GAG
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AAA
lys
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CAG
gln

AGA
arg

CGG
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lys

CTG
leu

GGA
gly

TAC
tyr

GAG
glu

GGA
gly
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AAC
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CAG
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GCA
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GTG
val

ARG
lys

TGC
cys

GAA
glu

GGC
gly
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AAG
lys

GCA
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AAC
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lys
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GTT
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CGG
arg
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ATA
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gln
ATA
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AGA
arg
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GCG
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AAC
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TTT
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AAC
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Figure 4 Translated sequence of Aura virus. This sequence
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CGT
arg
GAA
glu

cCT
pro

CGC
arg

ATA
ile

GTC
val

CGA
arg

GTA
val

TAC
tyr

GCG
ala

CCG
pro

AAG
lys

AGT
ser

AAG
lys

ACA
thr

GAA
glu
Cac
his

TCA
ser

CTG
leu

ATG
met

ACA
thr

AAC
asn

AAC
asn

raye 1/

ATA
ile

CAA
gln

CCA
pro

TAC
tyr

TTT
phe

GAG
glu

ATA
ile
TCC
ser

GTA
val

TAT
tyr

GTA
val

GAT
asp
TT?
phe

ccr
pro

TCC
ser

CcCT
pro

GTA
val

CAA
gln

TGC
cys

ACT
thr

AGC
ser

GAA
glu

GAT
asp

ATA
ile
TGC
cys

ACG
thr

AAG
lys

CTA
leu

GAA
glu

TGC
cys

GGT
gly

GTA
val

CGC
arg

CTA
leu

AAC
asn

ATA
ile

GAT
asp

TTA
leu

CTC
leu

ACT
thr

CAA
gin

GAA
glu

TGT
cys

ATA
ile

CAG
gln

genome, although the exact 5’ end is not known.
encompasses nsP1, nsP2, and the N-terminal (conserved) region of nsP3. Nucleotides are
numbered from the beginning of the sequence; amino acids are numbered from the
beginning of the open reading frame.

AAG
lys

lys
ARG
lys
lys

GCC
ala

AAG
lys

ATG
met

ACG
thr

TGC
cys

AAG
lys

GAT
asp

GAT
asp

TTC
phe

GCT
ala

TGC
cys

TAT
tyr

GTG
val

ACG
thr

TGG
trp

CCG
pro

CAC
his
CAC
his
AAC

asn

cca
pro

GCT
ala

TGC
cys

AAR
lys

GAG
glu

GAC
asp

ATA
ile
CAA
gln

GAA
glu

GTC
val

ATG
met

TCA
ser

GTG
val

starts near the

CAA
gln

ATA
ile
GGC
gly

ACC
thr

CAA
gln

GAA
glu

ACA
thr

TCC
ser

CcGC
arg

GAG
glu

TAC
tyr

GCA
ala

ATC
ile
GAC
asp

GCC
ala

TTT
phe

ATA
ile

ATA
ile

AGT
ser

lys

TGC
cys

TCC
ser

GAA
glu

CCG
pro

GCA
ala

GAT
asp

ACC
thr

GAC
asp

CTG
leu

CCG
pro

CGT
arg

TTA
leu

5’terminus of the
The translated sequence shown
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73

51
123
101
173
151
223
201
273
251
323
301
373
351
423
401
473
451
523
501

rege L&

MEKPTVHVDVDPQSPFVLQLQKSFPQFEIVAQQVTPNDHANARAFSHLAS
R R RN R NN R NN R R R RN R R RN RN
MEKPVVNVDVDPQSPFVVQLQKSFPQFEVVAQQVTPNDHANARAFSHLAS

KLIEHEIPTSVTILDIGSAPARRMYSEHKYHCVCPMRS PEDPDRLMNYAS
IV bbb o b bbb bbb bbet bbb v beib et il
KLIELEVPTTATILDIGSAPARRMFSEHQYHCVCPMRS PEDPDRMMKYAS

RLADKAGEITNKRLHDKLADLKSVLESPDAETGTICFHNbVICRTTAEVé
28 I 28 U RO I I I R I -0 S I (SO I RO I I O RO O B I I N I IO IO B
KLAEKACKITNKNLHEKIKDLRTVLDTPDAETPSLCFHNDVTCNMRAEYS

VMQNVYINAPSTIYHQALKGVRKLYWIGFDTTQFMFSSMAGSYPSYNTNQ
NN RN AN N A N R N R RS AR NN R
VMQDVYINAPGTIYHQAMKGVRTLYWIGFDTTQFMFSAMAGSYPAYNTNW

ADERVLEARNIGLCSTKLREGTMGKLSTFRKKALKPGTNVYFSVGSTLYﬁ
RS RN N P A RN A N R R R R RN
ADEKVLEARNIGLCSTKLSEGRTGKLSIMRKKELKPGSRVYFSVGSTLYP

ENRADLQSWHLPSVFHLKGKQSFTCRCDTAVNCEGYVVKKITISPGITGR
R R R N S RN RN S R R R RN RN RN
EHRASLQSWHLPSVFHLNGKQSYTCRCDTVVSCEGYVVKKITISPGITGE

VNRYTVTNNSEGFLLCKITDTVKGERVSFéVCTYIPPSIéDQMTGILATb
IR R AR N R R R R RN R E RN NN R RN
TVGYAVTHNSEGFLLCKVTDTVKGERVSFPVCTYIPATICDOMTGIMATD

IQPEDAQKLLVGLNQRIVVNGKTNRNTNTMONYLLPAVATGLSKWAKERK
[ RN R R NN AN AN R N R S R RN R A RN
ISPDDAQKLLVGLNQRIVINGRTNRNTNTMONYLLPITIAQGFSKWAKERK

ADCSDEKPLNVRERKLAFGCLWAFKTKKIHSFYRPPGTQTIVKVAAEFSA
O O I T O T O I T I U O O O A O O O RO IO I O
DDLDNEKMLGTRERKLTYGCLWAFRTKKVHSFYRPPGTQTCVKVPASFSA

FPMSSVWTTSLPMSLRQKVKLLLVKKTNKPVVTITDTAVKNAQEAYNEAV
(S I O IR I O I N O T I R IO IO 3 S S O P R RN
FPMSSVWTTSLPMSLRQKLKLALQPKKEEKLLQVSEELVMEAKAAFEDAQ

ETAEAEEKAKALPPLKP.TAPPVAEDVKCEVTDLVDDAGAALVETPRGKI
| T I SO B I I R e I I R e e AR R R
EEARAEKLREALPPLVADKGIEAAAEVVCEVEGLQADIGAALVETPRGHV

Figure 5a.See legend on last page of this sequence.
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122
100
172
150
222
200
272
250
322
300
372
350
422
400
472
450
522
500
571

550




572
551
622
601
672
651
722
701
772
751
822
801
872
851
922
901
972
951
1022
1001
1072
1051
1122
1101
1171

1151
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KIIPQEGDVRIGSYTVISPAAVLRNQQLEPIHELAEQVKIITHGGRTGRY
38 T I [ R I B I I O B I e S R R R R R R R BN
RIIPQANDRMIGQYIVVSPNSVLKNAKLAPAHPLADQVKIITHSGRSGRY

SVEPYDAKVLLPTGCPMSWQHFAALSESATLVYNEREFLNRKLHHIATKG
S I O I N I O I SO I S i R AN NI I AN I O S O T O RO O O
AVEPYDAKVLMPAGGAVPWPEFLALSESATLVYNEREFVNRKLYHIAMHKG

AAKNTEEEQYKVCKAKDTDHEYVYDVDARKCVKREHAQGLVLVGELTNPP
R RN R N e e R S R R N R A R R R NN N
PAKNTEEEQYKVTKAELAETEYVFDVDKKRCVKKEEASGLVLSGELTNPP

YHELAYEGLRTRPAAPYHIETLGVIGTPGSGKSAIIKSTVTLKDLVTSGK
N R AN e A R AR RN N A N R RN
YHELALEGLKTRPAVPYKVETIGVIGTPGSGKSAIIKSTVTARDLVTSGK

KENCKEIENDVQKMRGMTIATRTVDSVLLNGWKKAVDVLYVDEAFACHAG
NN N e B R R R RN N RN N
KENCREIEADVLRLRGMQITSKTVDSVMLNGCHKAVEVLYVDEAFACHAG

TLMALIAIVKPRRKVVLCGDPKQWPFFNLMOQLKVNFNNPERDLCTSTHYK
S T T I T U I T I O O U I O AN O I O I BN O B B
ALLALIAIVRPRKKVVLCGDPMQCGFFNMMQLKVHFNHPEKDICTKTFYK

YISRRCTQPVTAIVSTLHYDGKMRTTNPCKRAIEIDVNGSTKPKKGDIVi
N N I TR I O A O I O O I O O RO I 8 O IO I B
YISRRCTQPVTAIVSTLHYDGKMKTTNPCKKNIEIDITGATKPKPGDIIL

TCFRGWVKQGQIDYPGPGGHDRAASQGLTRRGVYAVRQKVNENPLYAEKé
N RN R e R RN A NS NN RN NN
TCFRGWVKQLQIDYPGHEVMTAARASQGLTRKGVYAVRQKVNENPLYAITS

EHVNVLLTRTEDRIVWKTLOGDPWIKYLTNVPKGNFTATLEEWQAEHEDI
RN N RN N AN N N S NN NN N NS R R R
EHVNVLLTRTEDRLVWKTLQGDPWIKQPTNIPKGNFQATIEDWEAEHKGI

MKAINSTSTVSDPFASKVNTCWAKAIIPILRTAGIELTFEQWEDLFPQFR
I I I P e A R R N RN RN
IAAINSPTPRANPFSCKTNVCWAKALEPILATAGIVLTGCQWSELFPQFA

NDQPYSVMYALDVICTKMFGMDLSSGIFSRPEIPLTFHPADVGRVRAHWD
-8 O T R T I O O TS O I O U I (SO I I I I O T B AP Y N
DDKPHSAIYALDVICIKFFGMDLTSGLFSKQSIPLTYHPADSARPVAHWD

NSPGGQKFGYNKAVIPT.CKKYPVYLRAGKGDQILPIYGRVSVPSARNNL
N I I N O O R S B [ A ' I R B R
NSPGTRKYGYDHAIAAELSRRFPVFQLAGKGTQLDLQTGRTRVISAQHNL

VPLNRNLPHSLTASLOKKEAAPLHKFLNQLPGHSMLLVSKETCYCVSKRI
O AN I I 1 T U RO SRR BE RS2 SR B I N O BRI A2 RO I AR AUUDRRRDRIAS I
VPVNRNLPHALVPEYKEKQPGPVKKFLNQFKHHSVLVVSEEKIEAPRKRI

Figure 5pcontinued, see legend on next page.
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821
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921
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950
1021
1000
1071
1050
1121
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1170
1150
1220

1200
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1221 TWVAPLGVRGADHNHDLHFGFPPLSRYDLVVVNMXQPYRFHHYQQCEEHA 1270
S N N e e R R RN A R R RN N R RN
1201 EWIAPIGIAGADKNYNLAFGFPPQARYDLVFINIGTKYRNHHFQQCEDHA 1250

1271 GLMRTLARSALNCLKPGGTLALKAYGFADSNSEDVVLSLARKFVRASAVR 1320
RN N O T R I O I R R I O T I T I O O I O O OO I O
1251 ATLKTLSRSALNCLNPGGTLVVKSYGYADRNSEDVVTALARKFVRVSAAR 1300

1321 PSCTQFNTE&FFVFRQLDNDRBRQFTQHHLNLAVSNIFDNYKDGSGAAPS 1370
O I N B IS I T O O I I I P I N B B A S I L R R R R
1301 PDCVSSNTEMYLIFRQLDNSRTRQFTPHHLNCVISSVYEGTRDGVGAAPS 1350

1371 YRVKRMNIADCTEEAVVNAANARGKPGDGVCRAIFKKWPKSFENATTEVE 1420
LEoE DIEIT TUEU R s Dot lebbiiitietstlalloseatl.:
1351 YRTKRENIADCQEEAVVNAANPLGRPGEGVCRAIYKRWPTSFTDSATETG 1400

1421 TAVMKPCHNKVVIHAVGPDFRKYTLEEATKLLONAYHDVAKIVNEKGISS 1470
0 Y R O T U U U U U O I O I U O O R O RO O ) B
1401 TARMTVCLGKKVIHAVGPDFRKHPEAEALKLLQNAYHAVADLVNEHNIKS 1450

1471 VAIPLLSTGIYAAGADRLDLSLRCLFTZLDRTDADVTIYCLDKKWEQRIA 1520
RER AR AR N N P R RN SRR NN R N RN RN R
1451 VAIPLLSTGIYAAGKDRLEVSLNCLTTALDRTDADVTIYCLDKKWKERID 1500

1521 DAIRMREQVTELKDPDIEIDEGLTRVHPDSCLKDHIGYSTQYGKLYSYFE 1570
R A e e N N RN RN R |
1501 AALQLKESVTELKDEDMEIDDELVWIHPDSCLKGRKGFSTTKGKLYSYFE 1550

1571 GTKFHQTAKDIAEIRALFPDVQAANEQICLYTLGEPMESIREKCPVEDSP 1620
N O I R T O O O O I S AR Y 2 T RO Y I O I O I O I O Y R
1551 GTKFHQAAKDMAEIKVLFPNDQESNEQLCAYILGETMEAIREKCPVDHNP 1600

1621 ASAPPKTIPéLCMYAMTAERICRVRSNSVTNITVCSSFPLPKYRIKNVQK 1670
N N R N RN I P R R PR R RN
1601 SSSPPKTLPCLCMYAMTPERVHRLRSNNVKEVTVCSSTPLPKHKIKNVQK 1650

1671 IQCTKV
ERNRNE
1651 VQCTRV]

Figure 5, continued. Alignment of the deduced amino acid sequences of Aura virus
(top line) and Sindbis virus (lower line) in the region encoding nsP1, nsP2,
and the N-terminal (conserved) domain of nsP3. Amino acid identities are
indicated with solid vertical lines; dots indicate functionally similar residues.
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Sindbis-like virus in the Americas We have previously shown that Western
equine encephalitis virus, previously thought to be closely related to Sindbis virus,
is in fact a recombinant virus in which most of the genome was derived from
Eastern equine encephalitis virus and only the surface glycoproteins were derived
from a Sindbis-like virus (Hahn et al., 1988). Furthermore, Western equine
encephalitis virus lacks the characteristic Sindbis 3' nontranslated region.

Aura virus is widely distributed in South America, having been isolated in
Brazil and in Northern Argentina. Analysis of the data is not yet complete, but it
is possible that Aura virus represents the ancestral Sindbis-like virus, and that it
was transmitted to the Old World to serve as the founder of the Sindbis viruses in
the Old World, as we previously postulated (Levinson et al., 1990). Aura virus
may have served as one of the parents of Western equine encephalitis virus,

contributing its glycoproteins to this recombinant virus (Hahn et al., 1988).

Conclusions

The Sindbis-like viruses, which are found throughout the Old World from
Northern Europe to Africa, India, the Philippines a .4 the Australasian region
including New Guinea, are a clearly identifiable group of viruses. They share a
minimum of 80% amino acid sequence identity in nsP2 and possess a
characteristic and conserved 3' nontranslated region. It is of considerable
interest that viruses belonging to this group coexist in many parts of the world
with other alphaviruses that are demonstrably different in their epidemiology,
serology, organization of the 3' nontranslated region, and evolutionary history,
even though most of these non-Sindbis alphaviruses cause diseases very similar
to those caused by the Sindbis-like viruses.

We have clearly shown that high throughput automated DNA sequencing

is ideally suited to the rapid analysis of an RNA virus family such as the
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alphaviruses. These procedures are rapid and generate large amounts of useful
information very quickly. Such procedures would be very useful in defining the
origin and spread of an epidemic virus.

We have shown that Aura virus is a New World representative of the
Sindbis viruses. Further analysis is required to determine whether it is one of the
parents of Western equine encephalitis virus, but the hypothesis that Western
equine encephalitis virus is an emergent virus that arose by recombination has

received further support from these studies.
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